Expression of the complete ORF2 of human astrovirus serotype 1 (HAstV-1) in the baculovirus system led to the formation of virus-like particles (VLPs) of around 38 nm. The same kind of VLPs were also obtained either with the expression of a truncated form of ORF2 lacking the first 70 amino acids (aa), or with the same truncated form in which those 70 aa were replaced by the green fluorescent protein. All three kinds of VLPs were equally recognized by an anti-HAstV-1 polyclonal antibody and by two monoclonal antibodies (MAbs; 8E7 and 5B7), indicating a nonessential role of those amino acids neither in the capsid assembly nor in the antigen structure. A second type of structure consisting of 16-nm ring-like units was observed in all of the cases, mostly after disassembling the 38-nm VLPs through the addition of EDTA. The removal of the EDTA and the addition of Mg 2؉ ions promoted the reassembly of the 38-nm VLPs. The nature of these 16-nm ring-like structures, capsomers or T ‫؍‬ 1 VLPs, still remains unclear. Biochemical analysis revealed no differences between the 38-nm VLPs and the 16-nm structures, whereas antigenically, they shared the 8E7 MAb epitope but differed in the 5B7 MAb epitope, with the latter structures being more readily recognized.
Human astroviruses (HAstV) are a frequent causal agent of gastroenteritis in children worldwide (5, 10, 12, 14, 24, 27, 28, 35, 38) , although they have also been associated with the elderly (4, 29, 34) . Eight serotypes have been described, with serotype 1 (HAstV-1) being the most globally prevalent (12, 14, 18, 27, 28, 33, 36) . Astroviruses are nonenveloped viruses whose capsid is around 28 to 41 nm in diameter and contains a plus-sense single-stranded RNA of around 6.9 kb organized in three open reading frames (ORFs) (20, 32, 37) . ORF1a and ORF1b encode the nonstructural proteins (19, 21, 22) , whereas ORF2 encodes the structural proteins through a subgenomic RNA (25) . ORF2 of HAstV-1 encodes a polyprotein of 787 amino acids (aa) in length, with a molecular mass of around 87 kDa (26) , which is the precursor of the smaller 24-to 26-kDa, 29-to 31-kDa, and 32-to 34-kDa structural proteins (1, 3, 26) . The proteolytical processing from the precursor to the mature structural proteins is still very controversial, and to date, three different models have been proposed (1, 13, 23) . In the first model, Bass and Qiu (1) proposed an intracellular processing of the precursor polyprotein at the amino terminus between residues 70(R) and 71(K) before capsid assembly, with this capsid being further processed extracellularly by the action of trypsin and giving the above-mentioned mature proteins. In subsequent studies, the intracellular processing of this model was refused (13) , with the complete precursor being the assembly unit. Later on, Méndez and colleagues (23) proposed a third model in which the structural precursor of HAstV-8 is intracellularly processed at the carboxy terminus prior to its assembly into the capsid, although the cleavage site has not yet been identified.
The expression of the genomes encoding the capsid proteins of a great number of RNA viruses giving rise to the formation of virus-like particles (VLPs) has been accomplished in different heterologous expression systems, including the expression of the complete ORF2 of HAstV-2 in the vaccinia system (8) .
In the present study, the assembly of VLPs into the baculovirus expression system from either the complete ORF2 or a 5Ј-truncated construct starting at residue 71 of HAstV-1 is described, as is the addition of the green fluorescence protein (GFP) to the truncated polyprotein.
MATERIALS AND METHODS Cells and viruses.
Sf9 cells were grown at 28°C in TC100 medium containing 10% heat inactivated fetal calf serum (FCS) and 100,000 IU of penicillin and 100,000 g of streptomycin per liter. Virus stocks of a polyhedrin-negative baculovirus strain (AcNPVRP8; kindly provided by R. D. Possee, NERC Institute of Virlogy, Oxford, England) and of HAstV-1 recombinant strains were prepared by infecting Sf9 cells at a multiplicity of infection (MOI) of 0.1 and allowing the infection to proceed for 5 to 7 days. Viruses were harvested from the culture medium by centrifugation at 1,000 ϫ g, and the cell debris was discarded. Viruses were titrated by plaque assays and stored at 4°C.
CaCo-2 cells were grown at 37°C in minimal essential medium containing 10% FCS, 100,000 IU of penicillin and 100,000 g of streptomycin per liter, 0.15% (wt/vol) sodium bicarbonate, 15 mM HEPES, 2 mM glutamine, and nonessential amino acids. A cell-adapted strain of HAstV-1 (kindly provided by M. Koopmans, RIVM, Bilthoven, The Netherlands) was propagated in CaCo-2 cells, as previously described (30) . Prior to inoculation, viruses were preactivated through a trypsin treatment at a final concentration of 10 g/ml for 30 min at 37°C. Additionally, trypsin at a concentration of 5 g/ml was added in a serum-free overlay medium. Viral suspensions were released from the cell fraction at 72 h postinfection by lysing the cells in TN buffer (50 mM Tris-HCl [pH 7.4], 100 mM NaCl) in the presence of 1% NP-40.
Construction of HAstV-1 recombinant baculoviruses. Three transfer vectors containing the full-length ORF2 gene, a 5Ј-truncated ORF2 gene (⌬ORF2, deletion of aa 1 to 70), and a fusion between the GFP gene of the jellyfish Aequorea victoria and ⌬ORF2 were generated by inserting PCR-amplified fragments flanked by NotI and PstI restriction enzyme sites in the pFastBac (Invitrogen) vector. The template used for the amplification of astrovirus sequences was the plasmid pAVIC6 (kindly provided by S. Matsui, Gastroenterology Section, Veterans Administration Palo Alto Health Care System, Palo Alto, Calif.), which contains the full genome of HAstV-1, and the plasmid pEGFP-1 (BD Biosciences) was used to amplify the GFP gene.
The ORF2 gene, spanning from nucleotides 4328 to 6691, was amplified by using primers A4328 (5Ј-AGGACGCGGCCGCCACCATGGCTAGCAAGTCC AATAAGC-3Ј), which contains a NotI restriction site (boldface type) and the Kozak's sequence (underlined), and A6691 (5Ј-TACCCCTGCAGCTACTCGG CGTGGCCGCGGCT-3Ј), which contains a PstI restriction site (boldface type). The ⌬ORF2 gene, spanning from nucleotides 4538 to 6691, was amplified by using primers A4538 (5Ј-ACATTGCGGCCGCCACCATGGGTAAACAGGGT GTCACAGGACCAAAACC-3Ј), which also contains a NotI restriction site and the Kozak's sequence, and A6691. Amplification was performed with a 50 nM concentration of each primer and 0.5 IU of the Pwo polymerase (Roche). The PCR products were purified and digested with the NotI and PstI restriction enzymes for 1 h at 37°C. Digested products were purified from agarose gels and ligated into the pFastBac vector.
The fusion of the GFP-encoding and ⌬ORF2 DNAs was achieved through the ligation of their corresponding amplimers. The GFP gene was amplified by using primers NtGFP (5Ј-CGCTAGCGGCCGCCACCATGGTGAGCAAGGGCGA GGAGC-3Ј), which contains a NotI restriction site (boldface type) and the Kozak's sequence (underlined), and CtGFP (5Ј-GGATCCTCTAGACATGTGG TGGTGGTGGTGGT-3Ј), which contains an XbaI restriction site (boldface type). The ⌬ORF2 gene was amplified by using primers Nt⌬ORF2 (5Ј-TCAAT TCTAGAGGATCCAAACAGGGTGTCACAGGACCAA-3Ј), which contains an XbaI restriction site (boldface type) and a flexible linker (underlined) encoding the amino acids SRGS, and A6691. Both amplimers were digested with the XbaI restriction enzyme, purified, and ligated. The ligation product was digested with the NotI and PstI restriction enzymes for 1 h at 37°C and cloned into the pFastBac vector.
Recombinant baculoviruses were generated by using the Bac-to-Bac expression system (Invitrogen). Briefly, DH10Bac competent cells, which contain bacmid DNA, were transformed with the recombinant pFastBac transfer vectors. Colonies containing recombinant bacmids were identified by disruption of the lacZ␣ gene. High-molecular-weight DNA minipreps were prepared from selected colonies, and the released DNA was used to transfect Sf9 cells with Cellfectin (Invitrogen) to obtain the recombinant baculoviruses. Recombinant baculoviruses, i.e., AcNPV-ORF2, AcNPV-⌬ORF2, and AcNPV-GFP⌬ORF2, were collected from the supernatants of transfected cells and stored at 4°C.
Recombinant protein synthesis. Heterologous protein synthesis was evaluated either in the cell fraction or in the supernatant of infected Sf9 cultures. In the first case, 1.2 ϫ 10 7 Sf9 cells were seeded in an 80-cm 2 flask, infected at a MOI of 5 to 10 with either AcNPV-ORF2, AcNPV-⌬ORF2, AcNPV-GFP⌬ORF2, or AcNPVRP8, and incubated at 28°C in TC100 medium supplemented with 1% FCS and a daily dose of 0.5 g of the protease inhibitors aprotinin and leupeptin/ ml. At 72 h postinfection, cells were harvested by centrifugation (1,000 ϫ g for 10 min), resuspended in 1 ml of lysis buffer (TN buffer with 2% NP-40), and incubated at 4°C for 1 h and 30 min. Cell lysates were then centrifuged at 14,000 ϫ g for 5 min at 4°C. Supernatants and pellets, which represented soluble and nonsoluble fractions, respectively, were separated and analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and Western blotting. In the second case, 1.2 ϫ 10 8 Sf9 cells were infected at a MOI of 5 and incubated for 7 days in 72 ml of the same medium mentioned above. Cultures were centrifuged at 22,000 ϫ g for 30 min, and the supernatant was concentrated through a 35% sucrose cushion. The resulting pellet was resuspended in 1 ml of TN buffer and analyzed by SDS-PAGE and Western blotting.
Immunoblotting analysis. Samples were boiled in Laemmli buffer (1 M TrisHCl [pH 6.8], 40% glycerol, 25% ␤-mercaptoethanol, 1% SDS, and 0.05% bromophenol blue), electrophoresed in an SDS-12% polyacrylamide gel, and blotted onto a nitrocellulose membrane. After blocking with 5% skim milk-TBS buffer (50 mM Tris-HCl [pH 7.6] and 100 mM NaCl), membranes were probed with a rabbit polyclonal anti-HAstV-1 antibody (kindly provided by Dorsey Bass, Division of Pediatric Gastroenterology, Stanford University, Calif.) and revealed with a secondary anti-rabbit immunoglobulin G (IgG) alkaline phosphataseconjugated antibody (Sigma Aldrich). The enzyme reaction was developed by adding 5-bromo-4-chloro-3-indolylphosphate (BCIP) and nitroblue tetrazolium substrates.
Immunofluorescence and fluorescence analysis. Around 2 ϫ 10 5 Sf9 cells were seeded onto coverslips in 24-well plates and infected at an MOI of 0.1 with the recombinant baculoviruses. Three days later, cells were washed with phosphatebuffered saline (PBS) buffer (140 mM NaCl, 27 mM KCl, 81 mM Na 2 HPO 4 , 15 mM KH 2 PO 4 [pH 7.2]) and fixed with 3% paraformaldehyde for 30 min at room temperature. Cells infected with the AcNPV-ORF2 and AcNPV-⌬ORF2 baculoviruses were further processed for the immunological detection of recombinant proteins, and cells infected with the AcNPV-GFP⌬ORF2 virus were directly observed for fluorescence. In both cases, cells infected with the AcNPVRP8 baculovirus were used as negative controls. For immunofluorescence, cells were permeabilized through a 15-min treatment with 0.5% Triton X-100 in 20 mM glycine-PBS buffer and blocked for 30 min with a 10% FCS solution in 20 mM glycine-PBS buffer. Cells were immunolabeled either with a rabbit polyclonal anti-HAstV-1 antibody or the 8E7 monoclonal antibody (MAb) (kindly provided by J. E. Herrmann, Department of Medicine and Infectious Diseases, University of Massachusetts Medical School, Worcester, Mass.) for 1 h. Bound antibodies were detected by a 1-h incubation with a fluorescein isothiocyanate-conjugated anti-rabbit IgG antibody or a fluorescein isothiocyanate-conjugate anti-mouse IgG antibody, respectively. Finally, cells were stained with 1 g of 4Ј,6Ј-diamidino-2-phenylindole (DAPI)/ml in PBS for 15 min to locate the nucleus and mounted with Fluoromont G before observation under an epifluorescence microscope at a magnification of ϫ200. Images were captured with a digital camera with the Metamorph software. In the case of direct detection of GFP-associated fluorescence, cells were stained with DAPI as described above.
Purification of HAstV-1 and astrovirus VLPs in sucrose and CsCl gradients. One-milliliter samples of astrovirus stocks, soluble fractions from infected Sf9 cell extracts, and concentrates of infected cell supernatants were loaded on the top of either preformed 0 to 45% (wt/wt) 9-ml sucrose gradients or preformed 0 to 50% (wt/wt) 9-ml CsCl gradients in TN buffer. Sucrose gradients were centrifuged for 2 h and 45 min at 200,000 ϫ g, and CsCl gradients were centrifuged for 18 h at 150,000 ϫ g as previously described (6) . Gradients were fractionated, and the density for each fraction was estimated from the refraction index. Additionally, the presence of astrovirus antigens was analyzed through a sandwich enzyme-linked immunosorbent assay (ELISA).
ELISA. Astrovirus antigens were captured with either the 8E7 or 5B7 MAb and detected by using a rabbit polyclonal anti-HAstV-1 antibody. Specifically bound antibodies were revealed by a peroxidase-conjugated anti-rabbit IgG antibody (Sigma Aldrich).
Electron microscopy. Immunoreactive fractions corresponding to the different antigenic peaks were separately pooled and dialyzed against TN buffer. The presence and morphology of the astrovirus VLPs and HAstV-1 in the antigenic peaks were evaluated by transmission electron microscopy of negatively stained preparations. A 10-l sample was applied to a 1% agarose block, and a carboncoated 400-mesh copper grid was set on the drop for 30 min. Samples were negatively stained with 2% phosphotungstic acid at pH 6.4. Finally, the grids were examined in a Hitachi H 600 AB electron microscope.
To confirm the astroviral nature of the recombinant products, either an immunoaggregation or an immunogold labeling was performed by using the rabbit polyclonal anti-HAstV-1 antibody. In the first case, samples were incubated with the antibody for 1 h and subsequently adsorbed to carbon-coated copper grids. The presence of aggregates was indicative of a positive reaction. In the immunogold labeling, samples were adsorbed to grids as above described, blocked with 1% bovine serum albumin and 0.1% Tween 20-PBS for 15 min, incubated with the polyclonal anti-HAstV-1 antibody for 1 h, and finally, after thoroughly washing, incubated for 1 h with a rabbit IgG antibody conjugated to 10-nm colloidal gold particles. All samples were finally stained and observed as described above.
Disassembly and reassembly of VLPs. Purification in CsCl gradients of the different recombinant products and of HAstV-1 was performed as described above, except with TNE buffer (50 mM Tris-HCl [pH 7.4], 100 mM NaCl, 10 mM EDTA) to destabilize the VLPs by the addition of the chelating agent EDTA. The reassembly of the subviral structures into VLPs was tested by the removal of EDTA and the addition of Mg 2ϩ through a 24-h dialysis at 4°C in front of TNMg buffer (50 mM Tris-HCl [pH 7.4], 100 mM NaCl, 10 mM MgCl 2 ). The identification of subviral and viral structures was determined by electron microscopy after dialyzing against the corresponding buffers. Proteolytic processing with trypsin (10 g/ml, grade IX; Sigma) for 30 min at 37°C was performed on purified VLPs and rings.
Immunoprecipitation. To concentrate the subviral and viral purified structures, 800-l samples of each type of structure were immunoprecipitated overnight at 4°C with the rabbit polyclonal anti-HAstV-1 antibody. The immune complexes were harvested by the addition of protein A-agarose and incubation at 4°C for 3 h, followed by centrifugation at 10,000 ϫ g for 1 min. Pellets were washed twice with TNE-0.1% NP-40 or TN-0.1% NP-40 for subviral or viral structures, respectively, and finally resuspended in 20 l of the same buffer. Samples were disrupted by adding 5 l of Laemmli buffer and boiling for 10 min, and the proteins were resolved by SDS-PAGE and Western blot as described above.
RESULTS
Analysis of recombinant proteins. The expression of the astrovirus genes in insect cells was first evaluated by in situ immunofluorescence and fluorescence. Expressed proteins were exclusively located in the cytoplasm of infected cells for the three recombinants, as could be observed through immunofluorescence of cells infected with either the AcNPV-ORF2 or AcNPV-⌬ORF2 baculovirus or through a direct fluorescence analysis of cells infected with the AcNPV-GFP⌬ORF2 baculovirus (Fig. 1A) . The immunofluorescence pattern was identical with both antibodies tested (data not shown).
To further evaluate the recombinant protein synthesis, SDS-PAGE and Western blot analyses of cell extracts and cell culture supernatants were performed. Immunologically specific protein bands of the expected sizes were detected in both cells and culture medium, with molecular masses of 87, 79, and 110 kDa for AcNPV-ORF2, AcNPV-⌬ORF2, and AcNPV-GFP⌬ORF2, respectively (Fig. 1B) . Regarding the cells, the expressed proteins were mainly detected in the nonsoluble fraction. Different mild detergents (2% NP-40, 2% Triton X-100, and 2% Tween 20) were used in an attempt to release the recombinant proteins from the membranes, but even after the treatments, most of the expressed proteins remained associated with the nonsoluble fraction, indicating a tight association with membranes (data not shown).
Expression of either complete ORF2, truncated ORF2, or truncated GFP⌬ORF2 leads to the formation of VLPs. To establish whether any of the recombinant products assembled into viral or subviral structures, they were purified in sucrose gradients. The soluble fraction obtained after lysing the infected cells was selected for the purification in spite of its lower recombinant protein content, since its manipulation was more reliable. Sucrose separation of the soluble fractions of infected cells revealed three antigenic peaks with densities of around 1.05, 1.08, and 1.12 g/ml ( Fig. 2A) , for all three recombinant baculoviruses. Concentrates of culture medium from infected cultures were also purified, and interestingly, only the 1.12-g/ml antigenic peak was detected (Fig. 2C) . Under the same conditions, HAstV-1 suspensions were separated into three antigenic peaks with densities of 1.05, 1.12, and 1.14 g/ml (Fig.  2E ), corresponding to soluble proteins, empty capsids, and infectious viruses, respectively (6). 
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Additionally, the same kind of samples were isopycnically separated in CsCl gradients. Soluble fractions as well as culture medium concentrates resolved into a single discrete antigenic peak of 1.28 g/ml for all of the recombinant products ( Fig. 2B  and D) , and two antigenic peaks of 1.28 and 1.34 g/ml appeared with HAstV-1 suspensions (Fig. 2F) , corresponding to empty capsids and infectious viruses, respectively (40) .
Recombinant antigenic peaks corresponding to empty particles (1.12 and 1.28 g/ml in the sucrose and CsCl gradients, respectively) were analyzed by electron microscopy. In all cases, VLPs of around 38 nm in diameter were observed (Fig.  3) . To confirm the nature of the VLPs, a gold labeling technique with specific antibodies was performed and gold-decorated VLPs could be observed in all cases and those corresponding to AcNPV-ORF2 are shown in Fig. 3 .
To know the nature of the newly identified sucrose antigenic peaks (1.05 and 1.08 g/ml), an electron microscopy study was again carried out. The 1.05-g/ml peak was void of any type of structure while the peak of 1.08 g/ml contained mainly the same kind of 38-nm VLPs seen in the 1.12-g/ml peak, although in lesser amounts, and a few of the ring-like structures of 16 nm (Fig. 3) . The presence of two different kind of structures in the 1.08-g/ml peak could be interpreted as cross-contamination between fractions or as a tendency of one type of structure to give rise to the other. To further characterize these peaks, second sucrose gradients of the separately pooled fractions corresponding to the 1.05-and 1.08-g/ml peaks were performed. Interestingly, the 1.08-g/ml peak resolved into three antigenic peaks corresponding to the formerly detected ones of 1.05, 1.08, and 1.12 g/ml (Fig. 4) . However, the 1.05-g/ml peak stayed as a single identical peak after the second gradient (Fig.  4) . Similar data were obtained with all three recombinants. These results suggested that these three peaks could respec- Although similar results were obtained with all three recombinants, only data corresponding to the AcNPV-ORF2 baculovirus are shown. Gradient fractions were collected and analyzed as specified in the legend to Fig. 2 . O.D., optical density; circles, ELISA readings; squares, density. tively correspond to soluble proteins, to an intermediate capsomer-like structure or to Tϭ1, and to Tϭ3 VLPs.
In vitro disassembly and reassembly of VLPs. To evaluate the role of the ring-like structures in the morphogenesis of astrovirus VLPs, a series of disassembly and reassembly experiments were undertaken. Since it has been previously described that divalent cations are needed to stabilize astrovirus particles (22) , the addition of a chelating agent, such as EDTA, was tested as a disassembling factor in the purification. Surprisingly, when TN buffer was replaced by TNE buffer in the CsCl gradients, two antigenic peaks of 1.18 and 1.28 g/ml instead of the single peak of 1.28 g/ml were detected with all of the recombinant products (Fig. 5) . Electron microscopy observations of both peaks revealed the replacement of VLPs by ring-like structures of 16 nm in the 1.28-g/ml peak (Fig. 5) and the complete absence of structured material in the new 1.18-g/ml peak. The astroviral nature of these structures was confirmed by immunoelectron microscopy (Fig. 5) with the polyclonal anti-HAstV-1 antibody. To promote the reassembly of these ring-like structures, a dialysis treatment against TNMg buffer was conducted to remove the EDTA and to add Mg 2ϩ ions. When these treated suspensions were evaluated by electron microscopy, the replacement of the ring-like structures by complete VLPs was observed (Fig. 6) . Additionally both kinds of suspensions, ring-like structures and reconstituted VLPs, were loaded onto sucrose gradients and separated as described before. The ring-like structures evolved as two peaks with densities of 1.05 and 1.08 g/ml (Fig. 6) . The reconstituted VLPs also evolved in two antigenic peaks, with the first corresponding to that of soluble proteins (1.05 g/ml) and the second corresponding to that of actual VLPs (1.12 g/ml) (Fig. 6) .
To determine if the same kind of ring-like structures could also be generated from the actual astrovirus particles, parallel disassembly experiments were conducted with HAstV-1 stocks. In this case, the 1.34-g/ml CsCl peak corresponding to the infectious viruses disappeared while the 1.28-g/ml peak was maintained and the 1.18-g/ml peak appeared again (Fig. 7) . Ring-like structures of 16 nm were also observed in the 1.28-g/ml peak (Fig. 7) .
Antigenic and biochemical characterization of VLPs and ring-like structures. The immunological recognition of both structures, VLPs and ring-like structures, by two MAbs was assayed. All three kinds of VLPs and ring-like structures reacted equally well with MAb 8E7 (Table 1) . Interestingly, however, a significantly higher recognition of ring-like structures was detected with MAb 5B7 (Table 1) .
The protein composition of these structures, before and ASTROVIRUS VLP MORPHOGENESISafter trypsin treatment, was evaluated. After a concentration step of the structures by immunoprecipitation, proteins were revealed by Western blotting (data not shown). Before trypsin treatment, ring-like structures were composed of the same single proteins described above for VLPs. As expected, after trypsin treatment, two bands of around 34 and 26 kDa were observed in both VLPs and ring-like structures from the complete construct. In contrast, only the band of 26 kDa was clearly revealed with the other two constructs. This result is coherent in the case of the ⌬ORF2 construct, since the truncated form of the 34-kDa band is equivalent to 26 kDa. In the case of the GFP⌬ORF2 construct, the expected band of around 57 kDa could not be detected due to its molecular mass coincidence with that of the heavy chains of immunoglobulins, also detected by an immunoprecipitation and Western blot method.
DISCUSSION
The baculovirus expression system has extensively been used to express capsid protein virus genes and to produce selfassembled VLPs which represent a good tool for the study of viral morphogenesis (7, 11, 15, 17, 39) . In the present work, it has been shown that the expression of the full ORF2 of the HAstV-1 genome in the baculovirus expression system leads to the formation of VLPs, as it has been recently described for the vaccinia system (8) . However, in our work, the self-assembly of VLPs has also been accomplished from either an amino-terminally truncated form of the ORF2 polyprotein or the same truncated protein in which the removed fragment has been replaced by the GFP protein. In all three cases, the diameter of the VLPs was around 38 nm, in the described range of actual astrovirus virions (20, 32, 37) . The astrovirus capsid processing and assembly is still controversial. Recently, three different models have been proposed. In the first model, Bass and Qiu (1) proposed a proteolytic cleavage of the ORF2 polyprotein at its amino terminus, between positions 70 and 71, forming itself into a structural unit. This model was later rejected by several authors who either propose the absence of any cleavage (13) or a cleavage at the carboxy terminus (23), the precise location of which has not been determined. However, our results confirm, regardless of which model is correct, that similar VLPs could be assembled either from the complete 87-kDa polyprotein, the amino-truncated form of 79 kDa, or even with the aminotruncated form fused to the GFP protein of 110 kDa, indicating that the amino terminus is not essential for capsid assembly. A high tolerance to deletions and insertions in the capsid region encompassing aa 11 to 30 has been previously described (13) , and to a lesser extent, there is also tolerance in the region from aa 31 to 50 (13) . In this latter study, in which several astrovirus mutants were constructed, only data on viral infectivity were reported due to a lack of information on the efficiency of capsid assembly. The VLPs from all three constructs were equally recognized by the polyclonal anti-HAstV-1 antibody and MAbs 8E7 and 5B7, indicating that the first 70 aa of the structural protein may not be essential in the antigen structure. In fact, none of the residues known to be involved in the astrovirus MAb epitopes are located in this region (22) .
An interesting morphogenetic finding of the present study was the generation of ring-like structures through the chelation of ions. The results described herein may be interpreted either as being capsomers or T ϭ 1 VLPs, as is the case for similar ring-like structures of Norwalk virus (39) . However, while the morphogenesis of Norwalk virus has been studied extensively (31) , it is completely unknown in astrovirus. Norwalk virus is composed of a single structural protein (31, 39) that forms homodimers as building blocks in the capsid assembly which could adopt different orientations, resulting in different structures (39) . In contrast, the initial building block for astroviruses is unidentified. One possibility, similarly to that of picornaviruses, would be a protomer including three ␤-barrel domains with a unique orientation corresponding to the properly folded FIG. 7 . CsCl gradients (0 to 50%) of HAsVt-1 stocks in TNE buffer. Gradient fractions were collected and analyzed as specified in the legend to Fig. 2 . O.D., optical density; circles, ELISA readings; squares, density. unprocessed structural protein, with the T ϭ 1 structure not being feasible. However, secondary structure predictions (16) of the astrovirus structural protein reveal the occurrence of only one ␤-barrel domain, not three, in the VP34 protein (located around positions 72 to 287 of HAstV-1; accession number L23513), which significantly aligns with the VP2 protein of Theiler's murine encephalomyelitis virus, the small coat protein of the bean pod mottle virus, and the S domain of the carnation mottle virus (data not shown), opening the possibility of T ϭ 1 structures. Since the first 70 aa of the structural protein amino terminus are not involved in the predicted ␤-barrel domain, the assembly of VLPs with the truncated constructs also seems likely. Structural analyses are in progress to further characterize both kinds of structures. The biochemical characterization revealed an identical protein composition for both types of structures from all of the constructs and an equal susceptibility to trypsin cleavage. The antigenic characterization showed an equal recognition of both rings and VLPs by MAb 8E7 and a significantly higher recognition of ring-like structures by MAb 5B7. The epitope defined by this latter MAb is located in the common part of the VP26 and VP29 proteins (2) , and the epitope defined by MAb 8E7 maps around aa 71 to 260 of the VP34 protein (13) . These data suggest a different conformation of the VP26 protein in the VLPs and the ring-like structures, making the 5B7 epitope less accessible in the former case.
The role of divalent ions in the stabilization of VLPs is another intriguing issue. While the addition of EDTA to the purification buffers of sucrose gradients does not affect viral stabilization (6, 8) , its inclusion in our CsCl buffers completely destabilize VLPs. In fact, the addition of divalent cations (Ca 2ϩ and Mg 2ϩ ) in the purification solutions of CsCl gradients has been found to stabilize viral particles (22) . The biological rationale of the role of divalent cations in the astrovirus replication cycle deserves further investigation, since their cytoplasmic concentrations in intestinal cells are very low. A possible explanation could be that, as for rotavirus, this low concentration may be required for the uncoating process (9) . Additionally, a higher microenvironment concentration of ions could be expected in membranous compartments, allowing proper capsid assembly. In fact, electron microscopy studies of astrovirus-infected CaCo-2 cells show that the vast majority of particles are included in double-membrane vacuoles (S. Guix, S. Caballero, A. Bosch, and R. M. Pintó, submitted for publication).
